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particles by thermal decomposition of 
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Ultrafine zirconia particles are produced by thermal decomposition of zirconium tetratertiary 
butoxide (ZrTB) vapour. The introduction of ZrTB vapour into the cylindrical electric furnace, 
is achieved by three different methods: (evaporator, pressurized nebulizer and ultrasonic 
nebulizer). The properties of the fine particles obtained by these methods are mainly analysed 
by X-ray diffraction and transmission electron microscopy. It is found that ultrafine zirconia 
particles produced at relatively low temperatures from 600 to 700°C are spherical in the 
diameter range 0.035 to 0.1 5#m and of tetragonal phase. Furthermore, two-component fine 
particles of zirconia-silver are generated by putting the silver solid inside the furnace contain- 
ing alkoxide vapour, and are deposited by inertia on to a glass substrate under low pressure to 
form films having a thickness of 17 to 33#m. The electrical characteristics of the films are 
evaluated, and the conductance of the film is found to increase with the content of the silver 
component. 

1. I n t r o d u c t i o n  
Zirconia powders have become increasingly important 
in a number of high-technology industries, and are of 
interest as raw materials for ceramics. As an ideal 
powder for new ceramics, high-purity, uniformly 
sized, spherical, and unagglomerated fine particles are 
required. In most previous investigations, preparation 
of zirconia powders has been limited to liquid-phase 
chemical reaction. Zirconia powder production from 
gaseous precursors has been reported in some studies 
where the particles were prepared by injecting the 
zirconium metal powder into the plasma arc devices 
[1-3] and by the chemical reactions of zirconium 
chloride vapour and zirconium alkoxide vapour [4, 5]. 
Recently, some metal oxide powders, e.g. TiO2, 
SiO2 and A1203 have been prepared from their 
alkoxide vapours by chemical vapour deposition 
(CVD), because high-purity particles of controlled 
crystalline structure can be produced from alkoxide 
vapours at a relatively low temperature. However, 
the preparation of zirconia from zirconium alkoxide 
vapour has only been studied by Mazdiyasni et al. [5]. 
Although they prepared the zirconia particles by the 
thermal decomposition of zirconium butoxide, the 
particles were amorphous, of very wide particle-size 
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distribution, and nonspherical. It is not clear how the 
phase transformation depends on reaction tempera- 
ture. In addition, ultrafine particles below about 
0.1 #m diameter are of interest and considerable effort 
is being expended to produce ultrafine powders of 
zirconium dioxide, because sintering becomes possible 
at lower temperatures. Accordingly, the production of 
ultrafine spherical and crystalline zirconia powders 
with narrow size distribution has been greatly expected, 
by chemical vapour deposition of zirconium alkoxide. 

In this paper, the production of zirconium oxide 
particles by the thermal decomposition of zirconium 
tetratertiary butoxide (ZrTB) vapour is developed to 
produce high-purity, ultrafine and spherical zirconia 
particles using an electric furnace. In the experiments, 
the effects of generation method of alkoxide vapour, 
initial vapour concentration and reaction temperature 
on the properties of fine zirconia powders in gas-phase 
chemical reactions were examined. The generated 
particles were collected and analysed by transmission 
electron microscopy (TEM), X-ray diffraction (XRD), 
and photon correlation spectroscopy. Furthermore, 
two-component particles of zirconia-silver were 
prepared by mixing the silver vapour with zirconia 
vapour and particles in the furnace, and were deposited 
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Figure 1 Experimental system for pro- 
ducing zirconia particles. 

on the glass substrate by inertial impaction under 
vacuum in order to form a film. The electrical charac- 
teristics of this film are evaluated. 

2. Zirconia particle product ion 
exper iment  

Fig. 1 shows a schematic drawing of the experimental 
apparatus used in this study. To generate zirconium 
tetratertiary butoxide (ZrTB) vapour, the following 
three different methods, by which the ZrTB is supplied 
to the furnace, were used: (a) the evaporator, where 
ZrTB liquid is vaporized by the heater and the vapour 
is carried out by nitrogen gas; (b) the pressurized 
nebulizer; and (c) the ultrasonic nebulizer, by which 
droplets of ZrTB are generated. The ZrTB vapour was 
thermally decomposed in the furnace to produce super- 
saturated zirconium dioxide vapour. The particles 
generated by thermal decomposition were collected 
using an electrostatic precipitator in order to analyse 
their shape and crystal structure by electron micro- 
scopy and X-ray diffraction. Particle-size distributions 
were measured by dynamic laser light scattering 
(photon correlation spectroscopy) using System 4700- 
PS/MW (Malvern Co. Ltd). 

2.1. Evaporator method 
As shown in Fig. 1, the generation method using an 
evaporator consists of three sections: the evaporator, 
the furnace and the cooling section. The ZrTB liquid 
was maintained in a heated glass container that served 
as the vapour source. Clean nitrogen gas was passed 
through the evaporator, and left saturated with the 
ZrTB vapour. The temperature of the evaporator was 
kept at 280°C by the thermocontroller. The ZrTB 
vapour thus obtained was continuously introduced 
into a reactor furnace 35 cm long and 24 mm diameter, 
at a flow rate of 2 l min -~ . This furnace was also 
maintained between 550 and 1080°C by the thermo- 
controller. The ZrTB vapour was thermally decom- 
posed to produce supersaturated zirconia vapour 
according to the following reaction 

Zr(OBut )4  --~ Z r O  2 %- 2 ButOH %- olefin 

When ZrTB vapour is thermally decomposed accord- 
ing to the above reaction, zirconia, butanol and olefin 
are produced in successive steps. 

The ZrTB vapour reacts sensitively with water 
vapour or oxygen gas, therefore the nitrogen gas was 
passed through a drying column (containing silicagel, 
calcium sulphate, active anhydrous and magnesium 
perchlorate) and a deoxidizer (containing activated 
copper) to obtain dry and oxygen-free carrier gas. 
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Thus, water and oxygen concentrations in the nitrogen 
gas were less than 1.0 p.p.m. The nitrogen gas supply 
was regulated by a pressure regulator, cleaned by 
filters, and metered and delivered to the evaporator. 
If a sufficient level of supersaturation of zirconia 
vapour was attained, ultrafine primary zirconia 
clusters were produced by homogeneous nucleation. 
Larger secondary particles were formed by the 
agglomeration of clusters and by the simultaneous 
heterogeneous condensation of vapour molecules on 
the clusters. 

Fig. 2 shows the temperature distributions of the 
reactor furnace for different operating temperatures. 
These temperature profiles were measured at the 
centre of the furnace by inserting a thermocouple. 
It was found that temperatures tended to increase 
and decrease almost symmetrically up and down the 
furnace. Because the temperature has a maximum 
around the centre of the furnace, the maximum tem- 
perature was used to denote the experimental results. 

Fig. 3 shows X-ray diffraction patterns of the 
generated zirconia particles under various furnace 
temperatures. Temperature of the evaporator was 
maintained at 280 ° C, and the flow rate of nitrogen gas 
was 21min -l. From the patterns for particles 
generated at the maximum furnace temperatures of 
660, 760 and 1080 ° C, these particles were found to be 
tetragonal zirconia (t-ZrO2). 

When the t-ZrO2 particles prepared at 1080 ° C were 
reheated at 900 ° C for 1 h, they changed to monoclinic 
zirconia (m-ZrO2). However, those left at room tem- 
perature for three months showed no change in crystal 
structure. The particles generated at 550°C were 
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Figure 2 Temperature profile inside the furnace. Flow rate 
21min -1 . 
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Figure 3 X-ray diffraction patterns of zirconia particles generated 
using the evaporator at various furnace temperatures. Evaporator 
temperature 280 ° C, flow rate 21 min i 

found to be amorphous, having the two distinctive 
peaks of t-ZrO2. Thus the t-ZrOz was found to be 
directly generated under relatively low temperatures 
by this method. 

The interest in t-ZrO~ particles has increased con- 
siderably with the discovery of  transformation tough- 
ening [6-8], which is important in the engineering 
ceramics. Generally, the t-ZrOz is stable beWcceen 1170 
and 2370 ° C, and m-ZrO2 appears below 1 I70°C. It 
has been reported that a tetragonal-monoclinie phase 
transformation occurs at 1170 ° C. It appears that 
ZrO2 powder can, under certain circumstances, exist 
metastably at temperatures below 1170 ° C with cubic 
or tetragonal phases [1, 5, 9, 10]. These powders have 
the common characteristic of particle sizes lower than 
0.1/~m. Our powder may also be generated by the 
same mechanisms as those mentioned above. How- 
ever, the formation and metastability of these tfitrafine 
powders is not welt understood and may involve either 
surface energy or chemical effects [1, 10-12]. 

Fig. 4 shows transmission electron micrographs of 
fine particles produced under temperatures of 550, 
660, 760 and 1080 ° C. On comparison of these photo- 
graphs, it is seen that the particle size decreases on 
increasing the furnace temperature from 550 to 
760 ° C, and increases on increasing the temperature 
from 760 to 1080°C because of the agglomeration of 
fine particles. The particles produced at 760°C are 
spherical and of uniform size (,-, 0.05/lm). 

Fig. 5 shows the particle size distributions measured 
by photon correlation spectroscopy as a function of 
furnace temperature. We note that the particle size 

Figure 4 Transmission electron micrographs of fine zirconia particles generated using the evaporator at furnace temperatures of (a) 550 ° C, 
(b) 660°C, (c) 760°C, (d) 1080°C. 
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Figure 5 Change in size distribution of Z r O  2 particles with reaction 
temperature. (12) dpg=92.7nm, % =  1.36, (o) dpg=60.3nm, 
a+ = 1.38, (zx) dpg = 78.3 nm, ag = 1.40. Evaporator temperature 
280 ° C, flow rate 21 min- i 

distributions of particles are less than about 200 nm, 
indicating a similar tendency to that seen in the elec- 
tron micrographs. The smallest ZrO2 particles are 
produced at a furnace temperature of 76 ° C. Their 
geometric mean diameter, dpg, and geometric standard 
deviation, O-g, are 60.3 nm and 1.38, respectively. 

Fig. 6 shows the time-dependent changes in the 
weight of particles produced by the generator using 
the evaporator, the pressurized nebulizer and the 
ultrasonic nebulizer. The ordinate is the weight of 
powder captured during 5rain by the electrostatic 
precipitator. The weights of powder generated by the 
evaporator (shown by open circles) decrease slightly 
with time, because zirconium alkoxide begins to poly- 
merize at the boiling point (190 to 210°C). This 
polymerization obstructs the continuous and constant 
production of zirconia particles, because the polymeric 
compounds have a lower vapour pressure. Therefore, 
the pressurized nebulizer or ultrasonic nebulizer is 
used instead of the evaporator. 

2.2. Pressurized nebulizer and ultrasonic 
nebulizer methods 

When the pressurized nebulizer and ultrasonic 
nebulizer are used, the generation system consists 
of four sections; the pressurized nebulizer or ultra- 
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Figure 6 Time-dependent change in the captured weight of zirconia 
powder generated using (O) the evaporator, (zx) the pressurized 
nebulizer and (n) the ultrasonic nebulizer. 
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sonic nebulizer, sub-furnace, reactor furnace, and 
cooling section. The ZrTB droplets generated by the 
pressurized nebulizer or ultrasonic nebulizer were 
introduced into the sub-furnace of 12cm length 
and 13 mm diameter to be vaporized at 280 ° C. The 
vapour thus generated was supplied to the reactor 
furnace maintained at 550 to t080°C. In the experi- 
ment using the pressurized nebulizer, a solution of 
ZrTB diluted with the dry ethanol in an equal volume 
(1.19moll -t) was used, because the original ZrTB 
liquid could not be nebulized because of its high 
viscosity. When the ethanol solution containing 
1.19 mol 1-i of ZrTB was nebulized at the flow rate of 
3.8 l min -I , the ZrTB vapour supplied to the reactor 
furnace was 1.91 x 10-4molmin -L. In the use of 
the ultrasonic nebulizer, the solution containing 
0.59mol1-1 ZrTB was nebulized. The ultrasonic 
nebulizer (Model NE-UllB, Tateishi Electric Co. 
Ltd) can generate ultrasonic waves of 1.7 MHz. Using 
this nebulizer, the ethanol solution of ZrTB, in which 
the concentration is lower than 0.59 mol 1 -~ , could be 
nebulized. When the flow rate of carrier gas was 
21 min-~, the ZrTB vapour was supplied to the reactor 
furnace at 3.54 x 10 -3 molmin -t. 

Time-dependent changes in the weight of particles 
produced by both nebulizers are shown in Fig. 6. In 
these experiments, the reactor furnace was maintained 
at 760°C and the ethanol solution of ZrTB the flow 
rate, and the subfurnace temperature were kept at the 
above values. The weights of particles generated by 
the ultrasonic nebulizer and the pressurized nebulizer 
were kept at about 0.1 and 0.03 g, respectively, within 
2 h. In the case of an operating time longer than 2 h, 
the generation of particles decreased, because the 
number of droplets nebulized depends on the level of 
liquid in the nebulizers. This decrease can be improved 
by maintaining a constant level of ZrTB liquid in both 
nebutizers. Because the vapour content of alkoxide 
supplied by the ultrasonic nebulizer was larger than 
that by the pressurized nebulizer, the amount of 
powder generated by the ultrasonic nebulizer was 
larger than that generated by the pressurized 
nebulizer. 

In the case of the pressurized nebulizer, the yield, 
that is, the percentage conversion of ZrTB to the 
zirconia particles, was about 20%. 

From X-ray diffraction results of particles 
generated using the pressurized and ultrasonic 
nebulizers, it was seen that the zirconia particles 
generated have tetragonal phase as shown in the 
results obtained by evaporator method. The amor- 
phous particles generated at 550°C were also trans- 
formed to the tetragonal phase between 550 and 
760 ° C. 

From the electron micrographs, it was found that 
the change in particle size with temperature of the 
reactor furnace had a similar tendency as in the results 
obtained by the evaporator method. In addition, it 
was found that particles generated using the ultra- 
sonic nebulizer have a larger size than those generated 
using the pressurized nebulizer. This difference is due 
to the amount of ZrTB vapour supplied by the ultra- 
sonic nebulizer per unit time (3.54 x 10-3 mol min-t) 
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Figure 9 Zirconia-silver particle film. 

Figure 7 X-ray diffraction pattern of the zirconia-silver particles. 
Furnace temperature 1250 ° C, evaporator temperature 280 ° C, flow 
rate 21 min- i. 

being larger than that supplied by the pressurized 
nebulizer (1.91 x 10 4molmin-1).  

3. Preparation of thin films by 
deposition of zirconia-silver 
particles 

In the generation of zirconia-silver particles, the 
generator using the evaporator as shown in Fig. 1 was 
used. The silver powder (99.9% purity) contained in 
the ceramic boat was placed in the centre of the reactor 
furnace. The furnace was operated at 1100.and 1200 ° C 
to generate a sufficient amount of silver vapc ur. The 
silver vapour thus generated was introduced into the 
cooling section together with the zirconia particles 
generated by thermal decomposition, until super- 
saturation was attained. Accordingly, the supersatur- 
ated silver vapour deposited on the zirconia particles 
and the reactor walls. 

Fig. 7 shows the X-ray diffraction pattern of the 
zirconia-silver particles generated at the maximum 
furnace temperature of  1200 ° C. The pattern indicates 
four major peaks for silver in addition to three major 
peaks for tetragonal zirconia. The percentage of silver 
in the zirconia-silver particle which was obtained 
from the calibration curve for the intensity ratio lAg/I T 

(IAg and IT are the intensities of  the strongest peak for 
silver (20 = 38) and for tetragonal zirconia (20 = 30), 
respectively) was 28 wt %. 
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Figure 8 Deposition chamber for ultrafine particles. 

Fig. 8 shows the deposition chamber used in the 
production of  the ultrafine particle film [13]. Zirconia- 
silver particles were introduced through a critical 
nozzle to the deposition chamber which was pumped 
down to about 30 tort. Particles were accelerated to 
about 200 m sec- ~ at the critical nozzle and were then 
deposited on the glass substrate by inertial force to 
form the film. 

Fig. 9 shows the zirconia-silver particle film. The 
glass substrate (Corning 7059) had two gold-plated 
electrodes with a gap between them of 1 mm. The 
ultrafine particles were deposited over the gap, so as to 
convert the two electrodes. The width and length of  
the film were 1 and 3 mm, respectively, and the thick- 
ness varied from 17 to 33 #m. The electrical current 
flowing through the produced film was measured by 
an electrometer in the high-purity nitrogen gas which 
was passed through a drying column and a deoxidizer, 
as described previously. The operating voltages were 
changed from 0 to 1000 V d.c. and the temperature of  
the film was maintained at 175 ° C. 

Fig. 10 shows the voltage-current response of the 
zirconia-silver particle film. On the film produced by 
only zirconia particles, no electric current could be 
measured. The currents of the zirconia-silver particle 

0 . 3  f i 

~ 0.2 

u 

.~_ 
45 
q, 
®0.1 

I I [ I I 1 1 L I t 

0.0 
0 200 400 600 800 1000 

applied voltage (V) 

Figure 10 Voltage-current response of ZrO2-Ag particle film. 
ZrOa-Ag particles: (tD) furnace temperature 1200 ° C, film thickness 
33 #m, (o) furnace temperature 1200 ° C, film thickness 19/lm, (El) 
furnace temperature 1100 ° C, film thickness 17/~m. ZrO 2 particles: 
(zx) furnace temperature 1200 ° C, film thickness 18 #m. Substrate 
temperature 175 ° C, in dry nitrogen. 
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film were found to increase linearly with increasing 
voltage. This linearity may be inherent for the particle 
films as was also found in the particle film of tin 
dioxide by Adachi et aL [13]. The electric current of 
the film produced by the zirconia-silver particles at a 
furnace temperature of 1200°C was higher than that 
at 1100 ° C, because the vapour pressure of silver at 
1200° C was s~afficiently higher than that at 1100 ° C. 
The particle film having a thickness of 33/~m gave an 
electric current higher than that for a thickness of 
19#m. Therefore, the current was found to flow 
uniformly through the particle films. These results for 
film thickness and linearity of the current-voltage 
characteristic suggest that silver particles uniformly 
cover the zirconia particles. 

4. Conclusions 
The production of ultrafine zirconia particles has been 
studied by the thermal decomposition of zirconium 
butoxide vapour in a furnace, and the following con- 
clusions have been drawn. 

1. The size and crystal structure ofzirconia particles 
obtained mainly depends on the furnace temperature. 
Zirconia particles having geometric mean diameters of 
about 60nm, geometric standard deviations of 1.4, 
and tetragonal crystal structure can be obtained at 
furnace temperatures 600 to 700 ° C by thermal decom- 
position of ZrTB vapour. This temperature is very 
low compared with the usual phase-transformation 
temperature above 1170 ° C. 

2. It is possible to produce zirconia particles stably 
and continually by the methods of evaporation, 
nebulizer and ultrasonic nebulizer. The size of zirconia 
particles also depends on the amount of alkoxide 
vapour introduced into the furnace indicating that the 

size of the zirconia particle becomes larger with the 
vapour concentration. 

3. Two-component zirconia-silver particles were 
generated and deposited on a glass substrate by 
inertial impaction under vacuum in order to form a 
film. The electrical characteristics of this film depends 
on the amount of the silver component. 
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